Abstract The objective of this study was to assess biological colonization of wooden and brick buildings in the former Auschwitz II-Birkenau concentration camp, and to identify the organisms colonizing the examined buildings. Microbiological analysis did not reveal increased microbial activity, and the total microbial count of the barrack surfaces did not exceed 10 3 CFU/100 cm 2 . However, certain symptoms of biodegradation of the buildings were observed. The predominant microflora consisted of bacteria of the genera Bacillus , Sporosarcina , Pseudomonas , Micrococcus , Streptomyces, and Staphylococcus, as well as fungi of the genera Acremonium, Cladosporium, Alternaria, Humicola, Penicillium, and Chaetomium. The microflora patterns varied both in wooden and brick buildings. The structural elements of wooden and brick barracks, and especially of the floors and lower parts of bathroom walls, were infected by cyanobacteria and algae, with the most numerous being cyanobacteria of the genera Scytonema, Chroococcus, Gloeothece, Leptolyngbya, diatoms of the genus Diadesmis, and chlorophytes of the genera Chlorella and Apatococcus. The outer surfaces of the examined buildings were primarily colonized by lichens and bryophytes, with nearly 30 species identified. The dominant species of lichens belonged to the genera Candelariella , Caloplaca , Lecanora , Lecidea , Lepraria , Physcia , and Protoparmeliopsis, and those of bryophytes to the genera Bryum, Ceratodon, Marchantia, and Tortula. The quantity and species diversity of lichens and mosses were much lower in wooden barracks than in brick ones. The external surfaces of those barracks were only affected by Lecanora conizaeoides, Lecanora symmicta, Lepraria cf. incana, and Strangospora pinicola. The study results revealed vast biodiversity among the species colonizing historic buildings. The presence of these groups of organisms, resulting from their natural expansion in the environment, is undesirable, as their excessive growth and spread may lead to progressive biodegradation of buildings. Our assessment of biological contamination will enable the development of a disinfection and conservation plan for the examined buildings.
Introduction
The Auschwitz-Birkenau Memorial Site is a genocide museum and a symbol of the Holocaust and the atrocities of World War II. The Auschwitz-Birkenau State Museum in Oświęcim spans an area of approximately 191 ha, out of which about 20 ha is occupied by the former Auschwitz I concentration camp, and about 171 ha by Auschwitz II-Birkenau. The Museum is responsible for the conservation of, among others, 155 buildings, about 300 relics, 35 watchtowers, four ruined gas chambers and crematories, two water treatment plants, several fire protection pools, shelters, many kilometers of railway tracks, roads, irrigation/drainage ditches, the sewage system, as well as gates and fences with over 3000 concrete posts (Świebocka T et al. 2010) . To date, 98 buildings, including 22 wooden barracks, have been preserved in the former Auschwitz II-Birkenau concentration camp. Most of them are treated as historic buildings to be preserved in accordance with the principle of conserving all elements of the former concentration camp, and especially maintaining the status quo. Due to the lack of heating, active moisture insulation, or effective ventilation, as well as adverse climate conditions (changes in temperature and humidity, permanent exposure to sunlight), many of these buildings are at risk of biodeterioration caused by bacteria, cyanobacteria, fungi, algae, bryophytes, and lichens. An assessment of microbiological colonization of these buildings and an evaluation of the factors conducive to biodeterioration can be used for the development of a comprehensive strategy for long-term conservation and protection of the concentration camp buildings.
The mechanism of biodeterioration is often determined by the type of substrate on which the microorganisms are growing, the availability of nutrients, and, in the case of mineral materials, the mineralogical composition and water permeability (Cwalina and Dzierżewicz 2007) . The phenomenon of biodeterioration is linked to the formation of biological films on organic and inorganic substrates. Those films consist of microbial cells and extracellular polymers. A biofilm becomes attached to the substrate by means of slime, which also facilitates absorption and retention of moisture. The presence of biofilms on construction materials leads to changes in the physical and chemical properties of the substrate, and to biodeterioration of the materials (Gaylarde and Morton 1999; Herrera et al. 2004) .
Historic buildings are usually first colonized by photolithoautotrophic organisms such as algae and cyanobacteria, due to their small nutrient requirements, as all they need for growth is carbon dioxide, light, and appropriate moisture levels (Crispin and Gaylarde 2005; Herrera et al. 2004) . Algal growth results in the formation of bright green or gray-green patches and streaks on construction materials. Their development causes degradation of the stone substrate due to the secretion of organic acids (lactic, oxalic, succinic, acetic, and pyruvic) (Leźnicka 1991) . At the next stage of corrosion, construction materials (mostly stone, concrete, mortar, etc.) are colonized by lichens-organisms resistant to dryness and extreme temperatures. They stain the stone substrate and alter the appearance of historic buildings. Furthermore, they produce oxalic and oxaloacetic acids, which intensively deteriorate concrete and stone. Lichens and algae release considerable amounts of organic substances (carbohydrates and amino acids) to the environment, thus enabling the development of heterotrophic organisms, such as bacteria and filamentous fungi. Heterotrophs also use groundwater, absorbed into construction materials by capillary action, as a source of organic and mineral compounds. Heterotrophs can penetrate the substrate to a depth of up to 5 cm (Leźnicka 1991) . The species that play a major role in microbiological corrosion, in indoor building materials are filamentous fungi of the genera Penicillium, Aspergillus, Cladosporium, Alternaria, Aureobasidium, Ulocladium, and Phoma, which release large amounts of citric, fumaric, oxalic, and 2-ketogluconic acids (Gutarowska and Czyżowska 2009) . The organic acids produced increase the solubility of some stone components, due to the formation of chelate compounds with metal cations (calcium, aluminum, silicon, iron, manganese, and magnesium) (Warscheid and Braams 2000) . In the case of concrete corrosion, the salts formed may be washed out from the surface, causing increased dampness and loss of resistance to compression and crushing (Cwalina 2008) . Similarly to filamentous fungi, chemoorganotrophic bacteria (Bacillus sp., Arthrobacter sp., and Streptomyces sp.) also release 2-ketogluconic acid, initiating decomposition of silica (Papida et al. 2000; Warscheid and Braams 2000) . Furthermore, bacteria of the genus Bacillus (B. cereus, B. subtilis and B. aquimaris) cause mineralization, resulting in the formation of calcite (calcium carbonate) or struvite (magnesium ammonium phosphate) on concrete and gypsum substrates (RodriguezNavarro et al. 2007; Zammit et al. 2011) . Another major group of microorganisms that degrades historic monuments built of mineral materials consists of chemolithotrophic sulfur and nitrifying bacteria. These microorganisms use carbon dioxide as a carbon source and obtain the energy by oxidation of inorganic matter (ammonia, nitrates (III), sulfates, thiosulfates, and elemental sulfur). Nitrifying bacteria (Nitrosomonas sp. and Nitrobacter sp.) cause oxidation of ammonia and nitrates (III) to nitric (III) and (V) acids, respectively. These acids react with calcium carbonate or other minerals, resulting in readily soluble compounds. In turn, sulfur bacteria (Acidithiobacillus thiooxidans) produce sulfuric (VI) acid, which reacts with the calcium carbonate present in construction materials, forming hydrated calcium sulfate (gypsum) (Cwalina and Dzierżewicz 2007) .
Filamentous and decay fungi play a significant role in the biodegradation of organic materials such as wood or woodbased products. The latter may lead to changes in the structure of wood (cubical cracking, crumbling, peeling), its chemical composition (degradation of cellulose, hemicellulose, and lignin), its physical properties (smell, color, and density), and its mechanical properties (strength). Cellulolytic moulds Chaetomium, Trichoderma, and Penicillium cause blue-green stains on the surface. Furthermore, very damp wood may be affected by bacterial growth, leading to surface biodeterioration due to decomposition of organic compounds (Ważny 2001) .
The aim of the work was an assessment of biological colonization of wooden and brick buildings in the former Auschwitz II-Birkenau concentration camp, including the identification of the organisms colonizing selected buildings.
Methodology
Four brick barracks (no. B-70, B-113, B-114 and B-124) and two wooden barracks (no. B-159 and B-169) located in the BI and BIIa sectors of the former Auschwitz II-Birkenau concentration camp were selected for examination of microbiological colonization. A detailed list of sampling sites is given in Table 1 . The examinations involved microbiological (includes bacteria and fungi), phycological, lichenological and bryological analysis. Because of the fact that cyanobacteria grew in communities with other groups of algae and were not cultured on microbiological media, they were studied with traditional phycological methods.
Analysis of microbiological air contamination
Microbiological contamination of atmospheric air and air inside the barracks was measured by the impaction method using an MAS 100 Eco air sampler (Merck). The total number of bacteria was determined on TSA medium (Tryptic Soy Agar, Merck) with nystatin (0.06 %), and that of fungi on Sabouraud medium with chloramphenicol (Merck). The samples were incubated for up to 7 days. After incubation colonies were counted, and the results were expressed in units of CFU/m 3 (colony forming units per 1 m 3 of air). All tests were done in triplicate.
Quantitative analysis of microbiological surface colonization
The microbiological colonization of inner barrack surfaces (listed in Table 1 ) was assessed by the count plate method and by adenosine triphosphate (ATP) measurement. Swabs were taken from areas of 25 cm 2 and suspended in saline (0.85 % NaCl). The suspensions were plated on TSA with nystatin and on Sabouraud agar with chloramphenicol for determining total bacteria and moulds counts, respectively. The samples were incubated at room temperature (25 ±0.5°C) for up to 7 days. The results were given as CFU/100 cm 2 . At the same time, ATP concentration was determined in the samples by the luminometric method using the HyLite system, Merck (Szczotko and Krogulski 2010) . The results were given in relative luminescence units (RLU). All tests were done in triplicate. 
Identification of microorganisms
Isolated pure cultures of bacteria and fungi were transferred to TSA and Czapek-Dox (Merck) media, respectively. The bacteria were identified by standard methods on the basis of morphological features, Gram staining, as well as biochemical assays using API tests (bioMerieux). Bacterial species were confirmed by molecular methods based on 16S rRNA gene sequencing. The obtained nucleotide sequences of the 16S rRNA gene were compared, using the BLAST 2.2.27+ software, with the sequences available from the National Center of Biotechnology Information. The identification of moulds was done based on macroscopic and microscopic morphological features in accordance to diagnostic keys (Domsch et al. 1993; Samson et al. 2000) . Microbial identification was conducted for the dominant microflora strains.
Phycological analysis
Phycological samples were collected from structural elements inside and outside selected buildings (Table 1) . Macroscopically varying algal biofilms and thalli were sampled and preserved in 4 % formaldehyde solution. Cyanobacteria and algae were identified by the morphological features of cells, colonies, and thalli, based on Komárek and Anagnostidis (1999, 2007) , Starmach (1966) , Hofmann et al. (2011) , Samad and Adhikary (2008) , and Wołowski and Hindák (2005) .
Bryological analysis
Material for bryological analysis was collected from structural elements inside and outside selected buildings (Table 1) . Perishable preparations were assessed morphologically. The names of the mosses were given according to Ochyra et al. (2003) , and those of liverworts pursuant to Szweykowski (2006) .
Lichenological analysis
Biological material for lichenological analysis was collected from wooden and brick barracks. The fruiting bodies and thalli were examined microscopically. In identifying lichen species, we used the following keys and monographs: Nowak and Tobolewski (1975) , Purvis et al. (1992) , Wirth (1995a,b) ; for Verrucaria -Krzewicka (2012), Lepraria -Kukwa (2006) , Lecanora dispersa and other Lecanora spp. -Śliwa (2007), Physcia and Phaeophyscia - Nowak (1993) . The names of lichens were adopted after Santesson et al. (2004) and Diederich et al. (2010) .
Results and discussion
Visual assessment of brick and wooden barracks in the BI and BIIa sectors of the former Auschwitz II-Birkenau concentration camp revealed deterioration of structural partitions and wooden elements of these buildings. The symptoms of deterioration visible in brick barracks include bulging and crumbling plaster, peeling paint, degradation of floor bricks, and decomposition of wood tissue in the bunk beds and floor planks (Fig. 1) . In wooden barracks, the structural elements were affected by fiber splitting and cubical cracking. Locally, some biodeterioration was found in wooden elements infected by decay fungi (Fig. 1) . The algae that formed colonies inside buildings usually grew on cracked concrete flooring, wooden structural elements, and on floor bricks in bathrooms. Lichens and mosses were primarily found outside buildings: on the strips surrounding the barracks, brick and mortar walls, and the roof (Fig. 2) . No signs of infection with moulds or bacteria (biofilms or stains) were found on the examined building surfaces.
The absence of visual symptoms of microbial development was confirmed by analysis of surface colonization with moulds and bacteria ( Table 2 ). The number of microorganisms on surfaces in brick barracks ranged from 8.0 to 2.7 × 10 3 CFU/100 cm 2 , with the major genera of bacteria Bacillus , Sporosarcina , Pseudomonas , Micrococcus , and Streptomyces and the dominant moulds Acremonium sp., Cladosporium sp., Alternaria alternata , Humicola sp., Penicillium citreonigrum , and Chaetomium globosum (Table 3 ). The highest degree of colonization was found on the surfaces of wooden elements (bunk beds and floors). In selected places inside the barracks, samples were taken at different heights above floor (10, 100, 160, and 210 cm), to determine the influence of material dampness, which changes with distance from the ground, on the degree of microbiological colonization (Table 2) . With increasing distance from the ground, the number of microorganisms decreased, which shows that at a height of over 100 cm above ground, the conditions are less favorable to active microbial development.
Similarly as in brick barracks, the total number of microorganisms in wooden barracks was low (2.2×10 1 to 8.7× 10 2 CFU/100 cm 2 ), but the species composition was different. The predominant bacteria on the barrack surfaces were Staphylococcus equorum (not present on brick barracks), Bacillus atrophaeus , Bacillus cereus , Bacillus mycoides , and Streptomyces sp., while the most widespread moulds included Aspergillus fumigatus (not present on brick barracks), Cladosporium cladosporioides , Cladosporium herbarum , Alternaria alternata , Humicola fuscoatra, and Penicillium citrinum . The microflora of wooden barracks was less diverse than that of brick buildings (Table 3) .
Moulds of the genera Acremonium , Cladosporium , Penicillium , and Chaetomium have also been isolated from other historical wooden elements (Arenz et al. 2006; Pournou and Bogomolova 2009) , as well as from brick and concrete surfaces (Cwalina 2008) . Bacteria such as Achromobacter sp., Bacillus sp., Clostridium sp., Flavobacterium sp., Proteus sp., and Streptococcus sp. can colonize concrete materials, bricks, mortar, and natural stone (Cwalina 2008; Warscheid and Braams 2000) as well as wood, also that subjected to conservation (Clausen 1996) .
Microorganism-induced biodeterioration of materials depends on environmental conditions such as humidity, temperature, pH, as well as on the synergistic action of the metabolites of different microbial species and antagonism between the microorganisms (Clausen 1996; de Boer et al. 2005; Pietikäinen et al. 2005) . The degree of biological colonization of bricks, concrete, and mortar is also influenced by their porosity and alkaline pH (Clausen 1996; Gaylarde et al. 2003) . Additionally, historical materials may contain organic additives, including hair, glue, and sawdust, which may increase the susceptibility of mineral substrates to microbial development (Palmer et al. 1991) .
Because humidity and temperature are factors that affect the development of microorganisms, these factors were monitored during research. The results showed that relative humidity varied from 40 to 56 % inside wooden barracks and from 44 to 71 % inside brick barracks, and the temperature ranged from 15 to 23°C and from 14 to 22°C, respectively. In spite of the fact that the relative humidity and temperature during monitoring periods were quite favourable for the growth of microorganisms, neither the results obtained for brick barracks nor for wooden barracks indicate elevated microbial activity, in accordance with the literature (Piotrowska and Żakowska 2010) . The determined microorganism levels may be deemed Fig. 2 Phototrophic organisms on building materials. a, b algae, mosses, and lichens on the concrete strip, wooden and brick walls Fig. 1 Deterioration on wooden and brick-and-mortar elements. a-c wood fiber splitting; c, d decay fungi infection; e-f plaster crumbling and brick degradation typical of these kinds of structural elements (Piotrowska and Żakowska 2010) .
The total number of microorganisms per 1 m 3 of air inside brick and wooden barracks ranged from 1.6×10 3 to 1.2× 10 4 CFU (Table 2 ). Comparative analysis of microbiological contamination of air inside the barracks versus atmospheric air (atmospheric air contamination in our study 4. Furthermore, we determined ATP levels on the examined surfaces inside brick and wooden barracks. The sources of ATP included microbial cells, as well as organic contaminants such as dust, cobwebs, fragments of inactive mycelium, and wood tissue. Additionally, the bioluminometric method of ATP measurement made it possible to determine viable but nonculturable (VBNC) organisms; that is, those not growing under laboratory conditions (Oliver 2005) . A high level of ATP (more than 10,000 RLU) was found on surfaces close to the floor and those located from 100 to 250 cm above ground (Fig. 3) . Algae were a major component of biological colonization of internal surfaces of wooden and brick barracks, as they are pioneers in colonizing these parts of buildings. It should be noted that in the majority of the barracks, surfaces with a high presence of algae included the floors and the bottom fragments of bathroom walls. Windows, located in the northern and north-eastern walls of these rooms, created favorable conditions for the algae development, which were additionally enhanced by increased humidity and lower temperature amplitude inside the barracks. Alga identification revealed that the interiors were dominated by blue-green algae of the genera Scytonema, Chroococcus, Gloeothece, Leptolyngbya , diatoms of the genus Diadesmis, and chlorophytes of the genera Chlorella and Apatococcus (Table 3 ). The taxonomic composition of communities inside the buildings was the same, irrespective of the collection site. However, the proportions of particular taxa varied, which was reflected in the different colors and structures of the thalli and biofilms on structural elements.
Thanks to their adaptation to adverse environmental conditions (water scarcity, strong insolation), cyanobacteria and algae can colonize wooden, brick, and concrete surfaces (Barberousse et al. 2007; Samad and Adhikary 2008) . Under extreme conditions, algae form monocultures with a dominating presence of one taxon that is best adjusted to the prevailing environmental factors (Kawecka and Eloranta 1994) . In the spring and summer, under high air humidity, cyanobacteria of the species Scytonema drilosiphon, known to thrive in brick buildings (Starmach 1966) , proliferated on a massive scale on the brick bathroom floors. Among the moisture-retaining thalli of cyanobacteria, the predominant diatom was Diadesmis contenta, which shows a preference for land environments. This species is characterized by considerable tolerance to varying lighting conditions (Hofmann et al. 2011) , and it was found in communities not only inside, but also outside the barracks, where insolation was much more intensive. The main chlorophyte species, Apatococcus lobatus, grew with varying prevalence in algal communities on all examined surfaces. It was found to be abundant primarily in communities located on external wooden construction elements. This species is often found on construction materials such as stone, concrete, and bricks, as well as on tree trunks, in areas with low humidity and highly polluted air (Gärtner and Stoyneva 2003) .
Algae were less prevalent on the external surfaces of the barracks, which were mostly colonized by lichens and mosses. Examination of brick barracks revealed lichen colonized primarily on their external walls. In terms of the vertical gradient, the greatest species diversity was observed up to the height of 1.0-1.5 m. The presence of lichens on the external walls also depended on the exposure of the walls; they grew most abundantly on the northern and eastern walls. The species diversity of lichens was significantly higher on the external surfaces of brick barracks than wooden barracks. The dominant genera were Aspicilia , Candelariella , Caloplaca , Lecanora , Lecidea , Lepraria , Physcia , Protoblastenia , Protoparmeliopsis, Sarcogyne, and Verrucaria . The concrete strips around the buildings have a higher species diversity and coverage than the walls. Inside the buildings, only the initial thalli of Lecanora cf. dispersa and Lecanora cf. albescens were noted on window frames.
The study showed that lichens were replaced by mosses on concrete substrate. The greatest diversity of mosses was observed on the external elements of brick barracks, which is due to the variety of different substrates available to these organisms. The greatest number of species was found on the strips around the buildings, with the composition of the bryoflora dependent on the material of the strips. Niphotrichum canescens, Schistidium apocarpum, and Ceratodon purpureus were the predominant species on concrete strips (Table 3) , while typical ground species (Marchantia polymorpha, Climacium dendroides, and Bryum argenteum) were the most abundant on strips without a concrete layer. On the bricks and mortar of external wall surfaces, mosses were usually observed up to about 50 cm above ground, with the most widespread species being Bryum argenteum , Rhynchostegium murale, and Tortula muralis. Only four taxa were found inside brick barracks (Bryum argenteum , Marchantia polymorpha, Tortula muralis , Plagiothecium curvifolium); they grew on the walls and floor in the proximity of the windows and doors.
Interestingly, no mosses were found on the external or internal surfaces of wooden barracks. Also, the prevalence and species diversity of lichens were much lower in wooden buildings than in brick ones. Lichens were not found inside wooden barracks, while their external surfaces were colonized by Lecanora conizaeoides, Lepraria cf. incana, Lecanora symmicta, and Strangospora pinicola. The examined barracks were colonized by species that are widespread in Poland, with a wide ecological scale (Fałtynowicz 2003) . Lichens degrade the substrate, causing chemical erosion and mechanical fragmentation (Purvis et al. 1992) . Brick buildings were mostly colonized by basophilous and calciphilous species. Organisms colonizing building substrates use them as a substitute for natural ones (Bielczyk 2006) . The composition of the morphological forms of thalli and, partially, the species composition of the lichens growing on bricks and concrete in brick barracks showed that lichen Fig. 3 ATP levels on the examined surfaces inside wooden and brick barracks colonization there was in its optimum stage (Lipnicki 1998) . Among the lichens growing on the external surfaces of wooden barracks, except for Strangospora pinicola, there were no species exclusively connected to wood, but some of them (Lecanora conizaeoides, Lepraria cf. incana) typically occur on tree bark (Chlebicki et al. 1996) . In this case, the composition of morphological forms of thalli growing on wood showed that lichen colonization was in its initial stage (Lipnicki 1998) .
The species composition of the moss layer depends on the environmental conditions (type of substrate, insolation, humidity), as well as on the environmental preferences of particular species. The identified mosses included ubiquitous species (Bryum argenteum , Ceratodon purpureus , Marchantia polymorpha) (Dierβen 2001) , which are widespread in Poland and are found in many habitats and on a variety of substrates (Klama 2002; Stebel 2006) . Inside the examined buildings, mosses practically did not occur, while the few species recorded on the inner surfaces of brick barracks were found in the proximity of windows and doors, where they could gain access to sufficient light. In turn, the great diversity of mosses outside the brick buildings was caused by the wealth of substrates in the examined area (Klama 2002; Stebel 2006) .
All the identified groups of organisms are biotic factors posing high risk of degradation to wood and mineral materials, especially in buildings exposed to the action of atmospheric conditions and capillary rise of groundwater. Despite the absence of visual symptoms of microbial development in the examined barracks, the high enzymatic and acidogenic capabilities of the predominant microflora may lead to progressive biological corrosion. The presence of algae, lichens, and mosses is undesirable, as they may metabolize the organic substances contained in the construction materials, leading to physical and chemical changes in the substrate and weakening its structure. The results of our comprehensive study reveal a vast species biodiversity among the organisms colonizing historic buildings. The isolated organisms will be used for developing biocidal preparations to limit their growth on buildings, and for creating a program for the prevention of natural biodeterioration processes in the Auschwitz II-Birkenau State Museum.
